We present a nucleon-nucleon potential at fifth order in chiral effective field theory. We find a substantial improvement in the description of nucleon-nucleon phase shifts as compared to the fourth-order results of Ref. [1] . This provides clear evidence of the corresponding two-pion exchange contributions with all low-energy constants being determined from pion-nucleon scattering. The fifth-order corrections to nucleon-nucleon observables appear to be of a natural size which confirms the good convergence of the chiral expansion for nuclear forces. Furthermore, the obtained results provide strong support for the novel way of quantifying the theoretical uncertainty due to the truncation of the chiral expansion proposed in Ref. [1] . Our work opens up new perspectives for precision ab initio calculations in few-and many-nucleon systems and is especially relevant for ongoing efforts towards a quantitative understanding the structure of the three-nucleon force in the framework of chiral effective field theory.
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PACS numbers: 13.75.Cs, 21.30.-x Chiral effective field theory (EFT) provides a solid foundation for analyzing low-energy hadronic observables in harmony with the symmetries of quantum chromodynamics (QCD), the underlying theory of the strong interactions. It allows one to derive nuclear forces and currents in a systematically improvable way order by order in the chiral expansion, based on a perturbative expansion in powers of Q ∈ (p/Λ b , M π /Λ b ), where p refers to the magnitude of three momenta of the external particles, M π is the pion mass and Λ b is the breakdown scale of chiral EFT [2] . Being combined with modern few-and many-body methods, the resulting framework based on solving the nuclear A-body Schrödinger equation with interactions between nucleons tied to QCD via its symmetries represents nowadays a commonly accepted approach to ab initio studies of nuclear structure and reactions, see Refs. [3, 4] for review articles.
Chiral power counting suggests that nuclear forces are dominated by pairwise interactions between the nucleons [2] , a feature that was known for long but could only be explained with the advent of chiral EFT. Manybody forces are suppressed by powers of the expansion parameter Q. Specifically, the chiral expansion of nucleon-nucleon (NN), three-nucleon (3NF) and fournucleon (4NF) forces starts at the orders Q 0 (LO), Q
3
(N 2 LO) and Q 4 (N 3 LO), respectively, while next-toleading (NLO) corrections involve two-body operators only. While accurate NN potentials at N 3 LO have been available for about a decade [5, 6] , the 3NF still represents one of the major challenges in the physics of nuclei and nuclear matter [7] . In particular, numerically exact calculations in the three-nucleon (3N) continuum, the most natural place to test the 3NF, have revealed that the spin-structure of the 3NF is not properly reproduced by the available models [8] . Specifically, one observes clear discrepancies between theory and experimental data for various spin observables in nucleon-deuteron (Nd) scattering starting at E N ∼ 50 MeV which tend to increase with energy. In addition, there are a few discrepancies at low energies such as e.g. the so-called A y -puzzle, see [8] for more details.
In the framework of chiral EFT, the impact of the leading 3NF at N 2 LO on three-and four-nucleon scattering, nuclear structure and reactions as well as nuclear matter has been extensively studied using different many-body techniques. In particular, the N 2 LO 3NF was found to reduce the discrepancy for A y in proton- 3 He elastic scattering [9] , to play a crucial role in understanding neutronrich systems [10] and the properties of neutron and nuclear matter, see [7] and references therein. Lattice simulations of light nuclei within the framework of chiral EFT also confirm the important role of the N 2 LO 3NF [11] [12] [13] . On the other hand, the A y puzzle in elastic Nd scattering is not resolved at N 2 LO [9] , and the existing discrepancies for spin observables in the 3N continuum at medium and higher energies are beyond the expected theoretical accuracy at this order. It is, therefore, necessary to study corrections beyond the leading 3NF. The N 3 LO contributions to the 3NF have been worked out recently and appear to be parameter-free [14, 15] the nuclear Hamiltonian at N 4 LO. In this Letter, we make an important step along this line and present the NN potential at fifth order in the chiral expansion based on the improved regularization framework introduced in Ref. [1] . In addition to constructing a new state-of-the-art chiral NN potential which leads to an excellent description of the data and is expected to provide a solid basis for future few-and many-body calculations, our study represents a highly nontrivial test of the convergence of the chiral expansion and of the new approach for estimating the theoretical uncertainty, a necessary ingredient of any EFT calculation [19] .
We first discuss the isospin-conserving part of the potential. As described in detail in Ref. [1] , the NN potential at N 3 LO involves contributions from up to threepion exchange and contact interactions acting in S-, Pand D-waves and the mixing angles 1 and 2 . When expressed in terms of physical values of the pion masses and pion-nucleon (πN ) coupling constant, the expression for the one-pion exchange potential (OPEP) remains unchanged at N 4 LO. On the other hand, the static two-pion exchange potential (TPEP) receives corrections at fifth order which are visualized in Fig. 1 . The corresponding diagrams up to the two-loop level have been calculated recently using the Cutkosky rules [20] . We have independently calculated these contributions and have verified the expressions presented in that work. Next, one also needs to account for the Goldberger-Treiman discrepancy and the leading relativistic corrections to the order Q 3 TPEP. Notice that the latter were already taken into account in Refs. [1] . Furthermore, in addition to the TPEP, one encounters subleading three-pion exchange diagrams at N 4 LO. Similar to Refs. [1, 5, 6 ], we do not include the three-pion exchange potential explicitly assuming that its effects can be well reproduced by contact interactions. This needs to be explicitly verified in future studies. A remarkable feature of the N 4 LO NN potential is the absence of new isospin-conserving contact interactions. This can be traced back to parity conservation and to the fact that the N 4 LO corresponds to an odd power of the expansion parameter, namely Q 5 . This feature allows one to unambiguously probe the impact of the fifth-order TPEP in NN scattering.
Our treatment of isospin-breaking (IB) corrections is limited to the one employed in the Nijmegen partial wave analysis (NPWA) [21] which is used as input in our calculations, see Refs.
[1] for more details. In particular, we do not include IB TPEP as it would affect the splittings between the isospin-1 neutron-proton (np) and protonproton (pp) partial waves which, except for the 1 S 0 channel, are not independently determined from the data in Ref. [21] . The only new IB contribution we include compared to the N 3 LO analysis of Refs. [1] is the momentumdependent contact interaction in the 1 S 0 channel, which results in C pp 1S0 = C np 1S0 using the notation of that work. It remains to specify the values of the various parameters entering the potential. The πN scattering amplitude at order Q 4 depends on certain combinations of low-energy constants (LECs) c i ,d i andē i , see [16, 22] for notations, which can be determined from πN scattering. Notice that at N 3 LO, the TPEP only depends on the LECs c i andd i . In our work [ [25] . Notice that using the GWU PWA of Ref. [26] or πN scattering data as the input in the fits leads to slightly different values of the LECs [16, 27] .
Here and in what follows, we adopt the same values for the pion and nucleon masses, pion decay constant, nucleon axial coupling constant and pion-nucleon coupling g πN as used in Refs. [1] . We also employ the same regularization framework. In particular, the OPEP and TPEP are regularized in r-space by multiplying with the 
with the cutoff R being chosen in the range of R = 0.8 . . . 1.2 fm. For contact interactions, we use a nonlocal Gaussian regulator in momentum space with the cutoff Λ = 2R −1 , see [1] for more details. We also adopt the same treatment of electromagnetic effects and relativistic corrections and employ the same fitting strategy to determine the values of the LECs accompanying contact interactions as done in [1] . In particular, we use np and pp phase shifts and mixing angles of the NPWA as input in our fits and define their error via
where δ X denotes a given phase shift (or mixing angle) in the channel X, ∆ NPWA X is the corresponding statistical error of the NPWA [21] , while δ NijmI X , δ NijmI X and δ Reid93 X denote the results based on the Nijmegen I, II and Reid93 NN potentials of Ref. [28] which can be regarded as alternative PWA. While χ 2 /datum for the description of the Nijmegen phase shifts calculated using the errors ∆ X defined above does, clearly, not allow for statistical interpretation, see Ref. [1] for more details, it provides a useful tool to quantify the accuracy of the fits.
For all considered values of the cutoff, namely R = 0.8, 0.9, 1.0, 1.1 and 1.2 fm, the resulting LECs are found to be natural and comparable in size with their N 3 LO values given in Ref. [1] . We found that the inclusion of the fifth-order TPEP leads to a substantial improvement in the description of np and pp phase shifts (for hard cutoff choices). As an example, we show in table II the resulting χ 2 /datum for the description of the Nijmegen np and pp phase shifts using the cutoff R = 0.9 fm, which was found in Ref. [1] to yield most accurate results for NN observables. Notice that the additional IB N 4 LO con- We now address the question of the theoretical uncertainty of our calculations due to the truncation of the chiral expansion. To this aim, we employ the approach proposed in Ref. [1] which is based on estimating the size of neglected higher-order contributions and does not rely on a cutoff variation. Specifically, the uncertainty ∆X [29] .
Here, Q is the expansion parameter given by
For the breakdown scale, we use the same values as in Ref. [1] , namely Λ b = 600 MeV, 500 MeV and 400 MeV for R = 0.8 . . . 1.0 fm, R = 1.1 fm and R = 1.2 fm, respectively. The theoretical uncertainty at lower orders is estimated in a similar way as described in detail in [1] . Fig. 2 shows the resulting predictions for the np total cross section at different energies and for all cutoff choices. First, we observe that the predictions based on different values of the cutoff R are consistent with each other with results corresponding to larger values of R being less accurate due to a larger amount of cutoff artefacts. Secondly, our N 4 LO predictions provide strong support for the new approach of error estimation. In particular, the actual size of the N 4 LO corrections is in a good agreement with the estimated uncertainty at N 3 LO [1] . The somewhat larger N 4 LO contributions at the lowest energy is to be expected and can be traced back to the adopted fitting strategy in the 1 S 0 channel, see Ref.
[1] for more details. Finally, our N 4 LO results are in a very good agreement both with the NPWA and with the experimental data.
The above error analysis can be carried out for any observable of interest. Fig. 3 shows the estimated uncertainty of the S-, P-and D-wave phase shifts and the mixing angles 1 and 2 at NLO and higher orders in the chiral expansion based on R = 0.9 fm. The various bands result by adding/subtracting the estimated theoretical uncertainty, ±∆δ(E lab ) and ±∆ (E lab ), to/from the calculated results. Similarly, we show in Fig. 4 our predictions for the various NN scattering observables at E lab = 200 MeV. In all cases, we observe excellent agreement with the PWA and the available experimental data and confirm a good convergence of the chiral expansion. Furthermore, the N 4 LO uncertainty bands lie within the N 3 LO ones and describe the data. This provides a strong support for reliability of the proposed approach of error estimation. Similar conclusions follow from the results based on different values of the cutoff R which are, however, less stringent due to lower accuracy of such calculations.
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